Microarrays provide a powerful analytical tool for the simultaneous detection of multiple analytes in a single experiment. The specific affinity reaction of nucleic acids (hybridization) and antibodies towards antigens is the most common bioanalytical method for generating multiplexed quantitative results. Nucleic acid-based analysis is restricted to the detection of cells and viruses. Antibodies are more universal biomolecular receptors that selectively bind small molecules such as pesticides, small toxins, and pharmaceuticals and to biopolymers (e.g. toxins, allergens) and complex biological structures like bacterial cells and viruses. By producing an appropriate antibody, the corresponding antigenic analyte can be detected on a multiplexed immunoanalytical microarray. Food and water analysis along with clinical diagnostics constitute potential application fields for multiplexed analysis. Diverse fluorescence, chemiluminescence, electrochemical, and label-free microarray readout systems have been developed in the last decade. Some of them are constructed as flow-through microarrays by combination with a fluidic system. Microarrays have the potential to become widely accepted as a system for analytical applications, provided that robust and validated results on fully automated platforms are successfully generated. This review gives an overview of the current research on microarrays with the focus on automated systems and quantitative multiplexed applications.
Introduction
Research on microarrays as multianalyte biosystems has generated increased interest in the last decade. The main feature of the microarray technology is the ability to simultaneously detect multiple analytes in one sample by an affinity-binding event at a surface interface. Fifteen years ago, the gene expression analysis of cDNA on microarrays was one of the first applications that successfully detected thousands of labelled target DNA molecules in parallel [1, 2] . Also the first immunoanalytical microarray was described at the same time [3] . In the meantime, a great variety of target analytes capable of interacting selectively with a biomolecular receptor has been adapted to microarrays.
In some cases immunoanalytical microarrays have the potential to replace conventional chromatographic techniques. They are applied if the number of samples is high or analysis by current methods is difficult and/or expensive [4] . Compared to the routinely applied chromatography techniques like GC or HPLC, immunoanalytical techniques are relatively fast and cost-effective [5, 6] . Therefore, microarray platforms have a great potential as monitoring systems for the rapid assessment of water or food samples [7] . Also other disciplines such as clinical diagnostics (especially point-ofcare (POC) diagnostics) or forensic science have a demand for highly multiplexed analytical systems. A microarray platform will be accepted as an analytical system provided that it delivers robust and valid results in combination with a routinely used multiplexed application.
An overview of possible applications is given in Table 1 . For these applications fully automated platforms are needed. Manually executed process steps would have to be avoided so that untrained personnel can operate an automated microarray platform inside and outside the laboratory. Furthermore, integration of fluidic systems and multiplexing of analytical parameters are key features for the future acceptance of analytical microarrays.
In this review the current existing microarray platforms will be discussed with regard to the technical components (fluidics, readout), surface chemistry and multiplexed applications.
Principle of analytical microarrays
All microarrays are based on one general principle-certain (bio)molecular recognition elements are defined on a heterogeneous matrix. Each element is dedicated to an analyte and contains quantitative information. The matrix is a patterned surface where the recognition molecules are immobilized by microprinting or microstructuring processes ( Fig. 1a ).
An optical matrix on microparticles is also possible by mapping with a chromogenic code. The 2D readout is achieved by scanning or imaging the patterned surface ( Fig. 1b) , by means of a sensor array, by parallel arrangement of segmented channels, or by parallel detection of two bits of optical information (e.g. two different fluorescence emission wavelengths) encoded in microparticles.
Quantitative results with an analytical microarray are obtained by calibration with standardized analytes (Fig. 1c ). Data analysis of an analytical microarray is achieved with software for image processing. Using a segmented microarray on a microtitre plate or with a flat slide with barriers, Single-usable microarrays need, for each multi-analyte concentration, a separate microarray and positive and negative control spots. A solution to this problem is a microarray with multiple parallel flow channels using one channel for sample analysis and the other for calibration. Microarrays for screening applications have only positive and negative control spots to ensure that threshold limits for positive responses are maintained and that non-specific adsorption does not create a false-negative signal. A flow-through microarray platform is a microarray with additional integrated instrumentation for a multiplexed analytical application. It consists of a fluidic system for sample introduction, a reagent supply, a flow cell, a microarray on a substrate, and a detection system. The fluidic system is in some way similar to a flow-injection analysis (FIA) system except for the implemented microarray. The analytical process is carried out automatically with computer-controlled pumps and valves, as depicted in Fig. 2 .
Analytical microarrays use the specific affinity reaction of receptor molecules (e.g. proteins, nucleic acids) and analyte or analyte derivatives on the heterogeneous phase. Analyte derivatives are immobilized using the indirect assay format reacting with the receptor molecules from the liquid phase ( Fig. 2a,b) . The reverse arrangement is the direct assay format by immobilization of receptor molecules as capture molecules (Fig. 2c ). Molecules with different binding positions are detected by use of a sandwich assay format (Fig. 2d ). The substrate is the ground surface for building up the microarray step-by-step. The top layer is activated in a way that capture molecules or analyte-derivatives are directly immobilized on to the spotted matrix. The quantification of analytes with a microarray is achieved by multiple affinity reactions. The affinity reaction is an equilibrium reaction strongly depending on the concentration of analytes, since the receptor and the other reagents are present at constant concentrations. Small analytes are quantified by an indirect competitive assay format using, preferentially, multiple antibodies. In this case the binding reaction takes place in solution. Only the free antibodies at low analyte concentration react with the immobilized analyte derivatives at the surface. The binding of antibodies at the surface is detected with a microarray readout system such as depicted in Fig. 3 with a chemiluminescence microarray readout principle. Flowthrough analytical microarray platforms automatically deliver samples, and reagent solutions and washing buffer, by connection to a fluidic system.
Multiplexed sandwich immunoassay formats quantify proteins (e.g. proteinic toxin targets, cytokines), and bacteria and viruses. The DNA or RNA of cells and viruses can be analysed quantitatively by a sandwich hybridization assay according to sandwich immunoassays. A labelled detection oligonucleotide (ODN) and an immobilized capture ODN as receptor are used for quantifying the native DNA or RNA concentration in a sample.
Semi-quantitative results are obtained with labelled analytes such as target DNA on DNA microarrays for gene expression analysis or antibody profiling of sera on antigen microarrays. Also direct assay formats are used for screening applications by immobilization of the analyte such as ligands and labelled receptors. The types of microarray format and the applications are summarized in Table 2 and explained in detail in the next section.
Types of analytical microarray format and possible applications
Currently, for most applications with analytical microarrays only proof-of-principle studies are published in the literature. In this chapter, an overview is given over analytical microarray formats in context with a multianalyte application. In the future possible multi-analyte applications have to be validated on automated flow-through microarrays proving the benefit of such a system. With analytical microarrays, quantitative and semiquantitative results are obtained. Quantitative results are important if regulated Principle of multiplexed analysis by use of a chemiluminescence microarray with an automated sample and reagent supply chemical contaminants are quantified in food or water to monitor the observance of maximum residue limits (MRLs). Other applications are in the analytical field of clinical diagnostics. For example, in a blood sample diverse biomarkers of a disease need to be quantified in parallel. In this section, most of the reviewed analytical applications are with non-automated microarray systems. The aim of the section is to point out the diversity of applications of analytical microarrays developed in the last decade. All applications can be automated on an analytical microarray platform. The section "Analytical microarray platforms" describes the different automated microarray platforms in detail.
Microarrays for quantitative applications
Hapten and antibody microarrays Antibody-based microarrays are a powerful tool for analytical purposes. Immunoanalytical microarrays are a quantitative analytical technique using antibodies as highly specific biological recognition elements [8, 9] . They can be designed for a variety of analytical applications producing rapid results with low limits of detection (LOD). The detection antibodies are in direct contact with the sample, without prior sample cleanup. Immobilized haptens in combination with an indirect competitive immunoassay (IA) are the common format for the detection of multiple small molecules (e.g. pesticides, pharmaceuticals, small toxin targets). Haptens provoke an immune response if coupled to a protein by use of their functional group(s). Hapten microarrays use analyte derivatives as immobilized recognition molecules [10] . Antibody microarrays quantify proteins, bacteria, or viruses by using a sandwich immunoassay format.
The need for a certain amount of antibodies for multianalyte applications with analytical microarrays and the cost and time-intensive production of monoclonal antibodies has become crucial [11] . One strategy is the generation of highly specific oligonucleotide or peptide aptamers [12] . Oligonucleotide aptamers were evolutively selected from large libraries (10 10 -10 15 different DNA or RNA molecules) by the SELEX process [13] . An advantage of aptamers is that they can be selected against difficult immunizable analytes such as toxins, viruses, or bacteria [14] . However, only few aptamers with high affinity constants are currently available for analytical applications [15] .
Pesticides
A pesticide microarray for the monitoring of food and water has been developed [10, 16] . The restriction is the large number of approximately 1,000 applied pesticides. This quantity exceeds the financial capacity for antibody development. Another complexity is cross-reactivity against closely related compounds. This is still an open problem for multiplexed immunoanalytical pesticide detection.
Pharmaceuticals, hormones and endocrine-disrupting compounds
Pharmaceuticals, hormones, and endocrine-disrupting compounds (EDCs) have become important contaminants in drinking water and food. Pharmaceuticals are introduced by sewage water dispersion or by animals through veterinary use in farming. Approximately 3,000 different pharmaceuticals, for example analgesics, antibiotics, antidiabetic drugs, and ß-blockers, have to be removed from sewage water treatment to protect the environment. Multiplexed analysis with microarrays would be valuable for the online monitoring of possible contaminants.
The detection of antibiotics in milk is one of the first applications in food analysis using an automated microarray analyser. A hapten microarray has been developed for quantifying, in parallel, ten of the most important antibiotics in milk [17] .
EDCs have become an important eco-toxicological issue. EDCs is a collective term for small molecules interacting with the oestrogen receptor and interfering with the endocrine system of humans and other vertebrates. Natural and synthetic estrogens, phyto-oestrogens, alkylphenols, polychlorinated biphenyls, and pesticides are examples of EDCs. The list is currently open for more chemicals and unknown metabolites. EDCs have to be identified and quantified in waste water-treatment plants at levels as low as parts per trillion [18] . Hapten microarrays for detection of EDCs could be applied as a water monitoring system [19] . Proof-of-principle has been demonstrated with a fully automated AWACSS fluorescence immunosensor [20] . Further developments depend strongly on their market potential. The relevance is increased at the moment by defining MRLs for EDCs at the European legislation level.
Toxins
Toxins are products of microorganisms, fungi, or parasites. They are either small organic molecules or proteins. Toxins can enter the food chain if water, animals, or other food is contaminated with microorganisms and their toxins are accumulated in their habitat. The oral ingestion of contaminated food has toxic effects on human health. Undesired ingredients in food and drinking water have to be avoided. An immunoanalytical platform able to detect microorganisms and toxins would considerably improve the quality and safety of food and drinking water.
Microcystins (MCs) are a family of hepatotoxic cyclic heptapeptides produced by freshwater cyanobacteria. Among more than 80 microcystins identified to date, only a few occur frequently and in high concentrations. Microcystin-LR, which contains leucine (L) and arginine (R), is the most frequently identified microcystin in water, and the most toxic. The WHO has set a provisional threshold limit at 1 μg L −1 for total microcystin-LR (cell-bound and dissolved) [21] .
Mycotoxins are produced by fungi and occur in food and feed. The major fungal genera producing mycotoxins include Aspergillus, Fusarium, and Penicillium. They show carcinogenic, mutagenic, immunosuppressive, nephrotoxic, and teratogenic properties. Examples are ochratoxin A, aflatoxins, zearalenone, fumonisins, T-2 toxin, and deoxynivalenol. Regulations for major mycotoxins in food and feed exist, but they differ greatly among countries [22] . The detection limits for mycotoxins on an immunoanalytical platform should be as low as 1 μg L −1 . Zheng et al. have reviewed rapid methods for the analysis of mycotoxins [23] . Mycotoxin microarrays are under investigation [24] . No microarray system for routine quantification of toxins in food samples has yet been described in the literature.
In contrast with small organic molecules, protein toxins like staphylococcal enterotoxins (SE) can cause food-borne illnesses. SEs are heat-resistant and are an indication of poor sanitation or postcontamination of processed food, such as dairy and meat products, pasta, instant soups, pastry, etc. The minimum levels of SE causing gastroenteritis in humans are approximately 200 ng per 100 g food. Methods like immunoassays are desired for detecting SE toxins at concentrations at or below 1 μg kg −1 in food. Botulinum neurotoxins (BoNTs), another proteinic toxin target, are produced by Clostridium botulinum and are the most poisonous substances known. The lethal dose for 50% (LD 50 ) of the exposed population is approximately 1 ng kg −1 . Cases of botulism are rare, but the potency and ease of distribution of BoNTs have resulted in the listing of botulism as one of the six highest-risk threat agents for bioterrorism. Other extremely toxic protein targets are ricin, cholera toxin, viscumin, or tetanus toxin. Sensitive immunoanalytical microarrays with highly affine antibodies are needed for the rapid monitoring of food and water samples.
Microorganisms
Infectious diseases caused by pathogenic bacteria, viruses, and parasites are the most common widespread health risks associated with drinking water and food. Bacterial foodborne outbreaks account for 91% of total outbreaks [25] . Microorganisms can enter the food chain as a result of poor hygiene, accident, or act of bioterrorism. Conventional methods for detection of microorganisms are time and costintensive. However, they are very reliable and are able to identify a single living cell in a 100 mL sample by combining filtration and cultivation. Immunoanalytical and DNA microarrays could have a high impact on the rapid identification of microorganisms, provided that highly specific antibodies are generated and the pre-enrichment steps are integrated within the detection system [26, 27] .
Clinical diagnostics
Quantitative antibody microarrays have been developed for clinical diagnostics, although routine clinical use of microarray technology is still in its early stages [28] . The quantitative detection of the prostate-specific antigen (PSA) on a microarray has been shown by Jaras et al. [29] . Cytokines have been quantified in a multiplexed manner in serum or plasma [30, 31] . Antibody microarrays for the detection of cytokines have become robust and stable. Many different antibody microarrays have been offered commercially for the detection and quantification of low-abundance cytokines in serum or plasma [32] . The first commercial fully automated clinical analyser using a 3×3 segmented microarray is the Evidence (Randox Laboratories, Northern Ireland). The current range of arrays includes multi-analyte panels for the analysis of free thyroid hormones, tumour markers including PSA, cytokines and growth factors, cardiac markers, and drugs of abuse [28] .
Nucleic acid-based microarrays
Nucleic acid-based microarrays are a multiplexed method for detection of bacteria or viruses in food, water, or clinical samples. The analytes are genomic DNA, mRNA, rRNA, or other nucleic acids. Quantitative results are achieved by a sandwich hybridization format, with a capture and a detection oligonucleotide for detection of bacteria [33] and viruses [34] . Preanalytical steps, for example cell lysis and nucleotide extraction, are necessary [35] . Polymerase chain reaction (PCR) enables amplification of a DNA target. These procedures increase sensitivity and selectivity. However, they are time-consuming and not easy to integrate in a fully automated system.
Microarrays for screening applications
A wide range of microarrays has been developed for screening applications and for obtaining semi-quantitative multianalyte results. In contrast with quantitative analytical microarrays using native unlabelled analytes, for screening applications the target analyte is labelled. The types of microarrays depend on the immobilized capture molecule. Since 2000, protein microarrays have been used for highthroughput protein analysis [36, 37] . Three test formats are used: functional, quantitative, and reversed-phase microarrays [38] . Cell lysates are immobilized and react with labelled antibodies by applying the reverse-phase microarray format [39, 40] . Quantitative protein microarrays use a sandwich immunoassay format [41] . Functional protein microarrays have immobilized antigen (cell, protein, or other). In clinical diagnostic applications the functional protein microarray is also called an antigen microarray. They present at each spot a recognition molecule for one specific antibody. With this format allergens have been immobilized for screening of allergen-specific IgE in human serum [42] . Autoantigens have also been spotted to quantify autoantibodies in the sera of patients with autoimmune disease [43] . The immobilization of cells in a microarray format is another application in clinical diagnostics, e.g. for diagnosis of sepsis [44] , but also in other fields such as drug screening [45, 46] , or screening of successful DNA transfection [47] . Peptide microarrays are applied for epitope mapping, antibody profiling, or drug screening [48] [49] [50] . Carbohydrate [51, 52] , receptor [53] , or enzyme [54] microarrays are also developed for drug discovery. DNA microarrays have not only been developed for gene expression analysis but also for detection of microorganisms and viruses in food and water analysis and for clinical diagnostics. Semi-quantitative results are obtained by using PCR combined with a labelling procedure before the microarrays are analysed [55] [56] [57] [58] [59] .
Production of microarrays

Immobilization methods
The methodology of surface chemistry is the basic knowhow for obtaining reproducible results with analytical microarrays. The key points to consider when selecting an appropriate surface and coating procedure are a low degree of unspecific binding sites and uniform distribution of functional groups on the substrate surface. The reduction of non-specific binding lowers the detection limit of an analytical microarray. The uniformity of coating increases the reproducibility, because of an identical amount of immobilized capture molecules within one microarray and a batch of produced microarrays.
Plastic and nitrocellulose microarrays are used for immobilization of the antibodies. They are bound directly to this monolayer via non-covalent adsorption. The noncovalent immobilization procedure is frequently used because of the simple immobilization procedure and high yield of protein attachment. Antibodies or haptens conjugated to, e.g., bovine serum albumin (BSA) are directly attached to polymer surfaces via hydrophobic or ionic interactions. Polystyrene [60] , acrylonitrile-butadiene-styrene (ABS) [61] , poly(vinylidene difluoride) (PVDF) [62] , and nitrocellulose substrates are very effective for noncovalent antibody attachment. After immobilization, these microarrays have to be blocked intensively in order that the non-specific binding of labelled molecules is reduced. However, high background signals significantly reduce the signal-to-noise ratio of directly adsorptive substrates [63] . Also the desorption of antibodies during washing steps is observed. The only advantage of plastic and nitrocellulose substrates is that no chemical treatment is required. Although, these substrates do not meet the required reproducible results of analytical microarrays.
Glass is the common substrate to build up step-by-step a microarray surface architecture using silane chemistry. The covalent attachment of haptens, antibodies, or other capture molecules is necessary for automated analytical microarrays using flow channels. The desorption of capture molecules has to be prevented. Currently, gold surfaces and plastic microarrays are described less often in the literature, even though covalent coating is as easy as silane chemistry. Self assembled monolayers are formed reproducibly on gold layers with sulfur-containing compounds [64] and can easily be implemented in analytical microarrays [65] . Plastic substrates are activated by photochemistry producing radicals on the surface [66, 67] . With all these strategies a monolayer for covalent attachment is created. This first step serves for activation of the substrate. Glass substrates are generally activated with silanes. They carry terminal head groups like amines, epoxides, thiols or aldehydes which are used for immobilization of proteins [68] . This strategy works also for other molecules containing a terminal amino group such as amine-modified oligonucleotides and haptens. For covalent attachment of proteins, DNA or other molecules, aminosilane-coated glass slides have to be derivatised with a homobifunctional crosslinker. Mercaptosilane-coated glass slides use a heterobifunctional crosslinker. Aldehyde and epoxide-coated slides react directly with terminal amine groups. The silanization process does not produce a high-density monolayer [69, 70] . The free binding sites for non-specific adsorption have to be blocked intensively with proteins such as BSA. The reproducibility and the signal-to-noise ratio is much higher compared with directly immobilized molecules [71] .
Microarray slides coated with affinity binding proteins, for example streptavidin, protein A, protein G or concanavalin A, are an alternative strategy to covalently attached capture molecules [72, 73] . These methods are attractive because they need no additional chemical crosslinker.
The copper(I)-catalyzed azide-alkyne cycloaddition is a new innovative coupling chemistry for bioanalytical approaches. It is so far the best example of click chemistry [74] [75] [76] . Another coupling strategy is the HyNic chemistry forming a stable hydrazone bond [77, 78] .
Hydrogels on microarray substrates have become increasingly important. Hydrogels of aminodextrans [79] , carboxydextrans [80] , or poly(ethylene glycol) (PEG) [81] are used as a shielding layer on the substrate. They prevent non-specific binding and an additional blocking reagent is not necessary. PEG surfaces, especially, are known to reduce the non-specific binding of proteins [82] . Another advantage of PEG surfaces is the stabilizing effect of immobilized proteins or antibodies on glass substrates [83] . The surface provides a chemical moiety suitable for stepby-step modification. Various methods are available for covalently coupling haptens or capture molecules to surfaces. For instance, the coated surface can be modified to display terminal amine, thiol, or carboxy groups capable of reacting with homobifunctional or heterobifunctional crosslinkers. Homobifunctional crosslinkers have two identical coupling groups such as N-hydroxysuccinimide (NHS) esters, maleimides, epoxides, or aldehydes. A heterobifunctional crosslinker has two different coupling groups. The activated surfaces are suitable for coupling primary amines or thiols. Surfaces coated with PEGs have a monolayer structure. The binding capacity is lower than with hydrogels, generating a 3D structure.
Nanopatterned surfaces with functional nanoparticles is another area of interest with the aim of well organized structures on the surface [84] . Steric hindrance and the binding effectiveness can be adjusted. The steric accessibility is an important factor for formation of the antigenantibody complex at the surface.
Although many different immobilization methods for microarrays are under investigation, effective methods for characterization of monolayers on microarray substrates are lacking. No analytical method has been established identifying the number of molecules which are covalently bound or only adsorbed per spot. Therefore, the absolute immobilization efficacy is difficult to calculate. An acceptable indirect characterization method is the imaging of fluorescence or chemiluminescence labels on the surfaces. They cannot distinguish between a labelled target that is immobilized covalently or adsorptively. However, the homogeneity and the functionality of the surface can be characterized with, for example, printed antibodies by capturing horseradish peroxidase (HRP) as depicted in Fig. 4 [82] . The additives in the spotting buffer and the production of homogeneous layers and microarray spots are optimized, preventing smeared microarrays and non-uniform spots. Many microarrays are published disregarding quality control of microarrays. Qualitatively excellent microarrays will enforce the acceptance of analytical microarrays.
Patterning A variety of technologies for patterning of microarrays have been established in the last decade [85] . Diverse micropipetting systems based on ink-jet principles such as thermal [86] , piezo-electrically actuated [87] , and syringesolenoid [88] based technologies have been adapted from printing technologies [89] . The newer techniques consist of high-parallel microdispensing devices, such as the TopSpot technology, which acts by using piezo-triggered, short, pneumatic pressure pulses [90, 91] . These non-contact printing systems are used for high-throughput microarray production because of the advantage offered by the very fast printing process. The printing solution is transferred to a reservoir of the pump head and can be delivered to a considerable number of slides as carrier substrate. By using multiple microdispensing units on the printing system the process is made parallel and, therefore, more cost-efficient. The limitation of these non-contact printing devices is the high technical effort required for installing a robot system and the accuracy of microdispensing. The spotting buffer often contains salts and detergents that prevent adsorption on the walls of the microtitre plates used for storage of the printing solution. The disadvantage of added supplementary compounds is that the printing head can become irreversibly clogged. In contrast, the printing process of contact printers is very reproducible and the contact pins have a long lifetime. Solid pins or split pins (contact printing) [2, 92] and microstructured stamps (microcontact printing) [93, 94] have been further developed for diverse microarray formats such as protein, cell, tissue or other microarray formats [95] [96] [97] [98] . The printing principle is adapted from stamping or fountain pens. The print head is dipped into the spotting solution and the molecules are transferred to the flat support by contact with the slide. The printing process of all systems is fully automated. For both microprinting technologies regulation of the temperature and humidity is highly essential, since the reproducibility of the printing process depends strongly on maintaining evaporation of the analyte solution on the printing head at a constant rate.
A different method for microarray production on a flat surface is the physically isolated patterning method (PIP) ( Fig. 5 ). This method generates a microarray using six or more flow channels on a flat surface for patterning and analysis [99] . A multi-channel flow cell is placed on the surface of a microarray substrate which has been activated for immobilization [100] . After the patterning process has taken place, the channels are rotated horizontally by 90°r elative to the substrate and are now oriented perpendicular to the channel that holds the immobilized binding partner. Thus, a microarray structure is generated manually without complex microdispensing devices.
Fluidic systems for automated microarrays
Analytical microarray platforms automatically deliver sample, detection reagents for analysis, washing solutions with a fluidic system. It is essential that the process steps of an assay on a microarray platform are automatically performed with the aim of being simple-to-use and reproducible in operation. Platforms dealing with a segmented microarray on a slide or a multiwell plate can be processed either manually or with a robot pipetting system. Using an automated platform the samples and detecting reagents are dispensed with a pipetting system and the microarray is read separately on a microarray scanner. As each system for processing and readout of the microarray is large and expensive, segmented microarrays are only operated in laboratories and are not suitable for automated monitoring systems outside the laboratory.
The integration of an automated fluidic device containing valves, pumps, a detection system and electronics is the most challenging aspect of platform development. Automated flow-through microarray platforms often use FIA systems for reagent supply. An autosampler is the link between sampling and microarray platform. The autosampler constitutes an effective solution when several samples must be analysed automatically.
Using flow-through microarrays, the microarray is part of a flow cell through which samples and reagents are pumped. In comparison with conventional passive microwell plates, flow-through microarrays present thinner and more constant diffusion layers for the heterogeneous affinity reactions to take place. This substantially reduces the time needed to perform an multianalyte assay. Furthermore, automated fluidic systems have the advantage that the affinity reaction does not have to be in equilibrium as long as flow speed and temperature are reproducible within the analysis. This fact reduces the assay time dramatically. Automated flow-through microarrays allow the analysis of a sample within minutes.
The flow cell of a flow-through microarray and the connection to the fluidic and the readout system are designed in different ways. The fluidic channel on top of the microarray has to be as thin as possible in order to keep the time short for mass transport on to the heterogeneous phase. But, on the other hand, a microfluidic flow channel with heights of a few hundred micrometers increases the flow resistance. This implies that only small flow rates can be achieved or otherwise high pressure in the flow cell is generated. Also the shear rate on the surface is not negligible, because the bound complex can become dissociated [101] .
The covering lid seals the flow cell and the support with adhesives or flexible materials. Adhesives or other bonding techniques are used especially for single-usage housings [102] . Flexible polymer sheets enable changing of the microarray substrate. Basically, sealing is enabled by pressing the lid on the flow cell case. If silicone or polytetrafluoroethylene (PTFE) is used as sealing material, high forces on top of the housing are needed, which can lead to breakage of the flow cell or leakage. Another often used flexible material for flow cells is polydimethylsiloxane (PDMS). This elastomeric polymer is known for its ability to mould and reproduce three-dimensional imprinting structures. Other features are its high inertness to biomolecules and the ease of sealing by pressure.
Another point worthy of consideration in order to achieve automation in a flow-through microarray is the choice of pumps and valves. Pumping fluids through the microarray flow cell can be achieved by syringe or peristaltic pumps. It should be kept in mind that buffers contain relatively high salt concentrations and corrosion of metal parts can cause leaks. For this reason pumps and valves have to be changed periodically. The fluidic pathway from the pump to the flow cell is more easily directed with switching valves, but they are more susceptible to leakage. Magnetic valves prevent these problems by squeezing the tubing without coming into direct contact with the buffer solutions.
Centrifugal discs containing a microfluidic system are an alternative solution to the application of pumps. The actuator is a rotating disc, and the solvents and reagents are only driven by centrifugal forces, capillary forces, and directed by hydrophobic barriers [103] .
Microarray readout systems
Fluorescence microarray readout systems Currently, lasers are used for highly sensitive fluorescence microarray readout systems [104] . Microarrays without active fluidic parts are read with a fluorescence laser scanner. The area of a microarray is excited by a laser beam to fluoresce line-by-line. Laser diodes are frequently used in fluorescence microarray scanners because they are inexpensive and compact. Today fluorophores with emission in the far red and NIR range are commercially available. New diode lasers are currently available for excitation in the wavelength range between the UV and the visible. This enables use of new fluorophores such as quantum dots or other fluorescence nanoparticles [105, 106] . Also time-resolved fluorescence is possible for microarray readout systems by using an UV laser [107] . The sensitivity of fluorescence microarrays can be increased with time-resolved fluorescence readout systems. For short decay times background fluorescence and light scattering are no longer detectable after some microseconds. Another sensitive optical microarray readout technique is based on surface plasmon resonance (SPR) combined with fluorescence [108] . Surface plasmons can be excited in noble metals by resonance coupling with a light beam of a laser. The local enhancement of the optical field associated with surface plasmons can then be used to excite surface-bound fluorophores. The distance to the surface should be between 10 and 20 nm, otherwise the fluorophores are quenched or ineffectively excited [109] .
Currently, SPR-enhanced fluorescence readout systems can image an area of 3×3 spots.
Several evanescent field fluorescence microarray readout systems based on total internal reflection fluorescence (TIRF) have been developed for flow-through and segmented microarrays. One distinguishing feature is the coupling of exciting light into a waveguide to generate an evanescent field along the surface area of the waveguide by total internal reflection. The field strength decays exponentially with distance from the waveguide surface, and its penetration depth into the solution is limited to about a few hundred nanometres. This effect can be utilized to excite only fluorophores located at or near the surface of the waveguide, as depicted in Fig. 6 . The emission light generated simultaneously at the surface of the microarray is detected with a charge-coupled device (CCD), a photodiode, or a photomultiplier tube.
Chemiluminescence microarray readout systems
For multianalytical applications with CL microarrays a close-to-the-surface chemiluminescence reaction is applied. CL microarray readout systems use the effect of light emission caused by a chemical reaction. Every assay format developed as ELISA in microwell platforms is adaptable as a multiplexed assay on CL microarrays. The principle of CL microarrays is based on multiple affinity reactions which are detected in parallel with localized chemiluminescence labels. Enzymes with a short half-life, for example HRP, are required. The light emission takes place very close to the enzyme label by incubation with the CL reagent, e.g. luminol. This reacts with H 2 O 2 in the presence of HRP, with light emission at 425 nm [110] . The CL reagent is pumped into the flow cell and the discrete close-to-thesurface chemiluminescence reaction is imaged. The reaction is stopped after a defined time. Only endpoint measurements are possible because of the washing step between the affinity reaction and the chemiluminescence Fig. 6 Evanescent field generation for microarrays using diffractive relief gratings (Reprinted from Ref. [155] with permission from Elsevier) reaction. CCD or CMOS chips image the CL microarrays. The readout system of CL microarrays can be build up very compactly. Optical components like an exciting light source (laser or lamp), filters and mirrors are not needed. CL microarray instrumentation can even be integrated into a miniaturized handheld system for applications in POC diagnostics and food and water quality monitoring.
Generally, CL microarrays are more sensitive than fluorescence microarrays [111] . One reason for the extremely high sensitivity of CL microarrays is that the background signal is near zero. In contrast with fluorescence, there is no background signal either from the excitation source or from light scattering by the matrix. Moreover, the signal intensity per HRP molecule can be increased using optimised luminol analogues and enhancers [112, 113] . The signal can also be increased by surface-enhanced CL. Metals like gold enhance the CL signal depending on the distance. With a distance between 1 and 10 nm the CL signal is increased by more than one order of magnitude [114] .
The limit of detection can be worsened by imperfect surfaces. The enzyme reaction is so sensitive that very small amounts of unspecifically bound enzymes can be detected as a background signal. Small amounts of the enzymes can also remain in a fluidic system with valves and pumps. Surfaces which prevent unspecific binding are necessary, as also are intensive washing steps. Another point is that the sensitivity of the CL depends on the enzyme activity. An enzymatic turnover rate depends on temperature and the concentration of the CL reagent. Both should be constant during the analysis. Automated CL microarray platforms have to be temperature-controlled. This is an important point, especially for robust conditions of analysis over a whole working day.
Electrochemical microarray readout systems
Electrochemical microarray readout systems are based on microelectrode arrays. The multiplexed electrical readout is achieved with interdigitated array microelectrodes (IDA) [115] or complementary metal oxide semiconductor (CMOS) image sensors [116, 117] . CMOS image sensors measure the affinity binding at the microelectrode by cyclic voltammetry [118] , differential pulse voltammetry [119] , or amperometry [120] . The electrochemical reaction is amplified by enzyme labels such as HRP or alkaline phosphatase (AP), producing redox-active reporter molecules [121, 122] .
Currently, two electrochemical microarray instruments based on interdigitated array (IDA) technology are available-the eSensor from Motorola [123] and the eBiochip from Fraunhofer Institute for Silicone Technology (ISIT) [124] . In the literature, the electrochemical readout system from the ISIT is described more in detail and serves as an example for electrochemical readout systems. A multi-plexed electrical readout is achieved by interdigitated gold array electrodes. The electrochemical signal is generated by AP converting the electrically inactive p-aminophenyl phosphate (pAPP) into the electrochemical mediator paminophenol [125] . The mediator is oxidized at + 350 mV at one finger pair of electrodes and the quinoneimin formed is reduced at −150 mV on the other finger system (Fig. 7) .
The signal is enhanced by redox-cycling, because the anode and the cathode are in close proximity. The electrical signal is detected by a multiplexing 16-channel potentiostat for direct data readout from the chip [126] . A common counter-electrode is also integrated on the microarray. The amperometric measurement is taken versus an external Ag/ AgCl reference electrode. The electrochemical microarray carries 16 electrodes as sensor elements. One sensor element contains 204 fingers, each 800 nm wide, and with a 400-nm gap between anode and cathode fingers [127] .
Electrochemical microarrays have high potential for cost-effective portable devices for the POC diagnostics and field applications [128] . Semiconductor technology is an established process for manufacturing chips on a production line, and is easily convertible into a cost-effective means of producing electrical biochips based on silicon technology. Restrictions are the quantity of sensor elements on the microelectrode array per chip and inflexibility because changes in chip design are very expensive. Electrochemical microarray readout systems are more applicable to multianalyte applications for low-density microarrays. Currently, the highest density (17,778 electrodes cm −2 ) is achieved with an electrochemical CMOS image sensor [129] .
Label-free microarray readout systems
In recent years, label-free analytical approaches have gone through intense development as optical microarray readout systems [130, 131] . Label-free imaging is based on SPR [132] , interferometry [133, 134] , reflectometry [135] , or ellipsometry [136] .
Label-free imaging has not only offered multianalyte detection in real-time, but also provides kinetic information about affinity constants and association/dissociation kinetics. This is important, for example, with protein microarrays for characterization of the functionality of multiple antibodies in parallel [137] or epitope mapping [138] . Another point to keep in mind is that no additional label is needed. Usually, coupling of a fluorescent or enzyme label is performed on relatively high concentrations of proteins. This procedure is an additional expense, and the bioactivity of the protein is often reduced. This is avoided in label-free microarray systems.
SPR is the most prominent label-free technology implemented in automated biosensor platforms for detection of single analytes in biomedical, food, and environmental samples [139] . Multi-analyte SPR biosensors are designed as multi-channel or SPR imaging (SPRi) platforms [140, 141] . SPR spectroscopy based multi-channel biosensors are restricted in the number of channels [142] . SPRi instruments using the Kretschmann configuration are limited in resolution of signal [143] and require all capture probes to be applied at the same density [144] . The first commercialized label-free microarray is the Flex Chip Kinetic Analysis System launched by HTS Biosystems (Hopkinton, USA) and later acquired by Biacore (Uppsala, Sweden), now GE Healthcare, UK. This system has been approved for simultaneous detection of 400 parallel reactions with high resolution using a grating-coupled SPR [145] .
In label-free microarray readout systems, it is critical to have a non-fouling sensor interface, especially for analysis of real samples in complex matrices like blood, food, water, or other liquid samples. Currently, label-free readout systems for multiplexed microarray applications in the field of clinical diagnostics, food, and water analysis have to be demonstrated as being as successful as fluorescence, chemiluminescence, or electrochemical microarrays in fully automated platforms.
Analytical microarray platforms
Non-automated microarrays
The direct transfer of DNA microarrays for gene-expression analysis to protein microarrays is achieved with protein microarrays that use quantitative or reversed-phase microarray protocols [146] . Capture molecules are immobilized on quantitative microarrays. The proteome is labelled and incubated with the microarray. In contrast, the other format uses immobilized cell lysates and labelled proteins for screening the functional activity of a protein. There are also microarrays adapted from immunoassay formats in microwell plates. Depending on the readout system they are called fluorescence or chemiluminescence microarray immunoassays (F-MIA or CL-MIA). All these kinds of microarray have one reaction area and a integrated fluidic system is absent. Samples and assay reagents are placed on top of the microarray and are passively incubated. After this incubation step the slides are cleaned and dried. For read out, the microarrays are placed in an appropriate detection system (fluorescence or chemiluminescence microarray reader). Many manual process steps (washing, drying, transfer to reader) are required. The microarrays are used only once. For calibration, positive and negative controls are often included to ensure that threshold limits for positive responses are maintained and that non-specific adsorption does not create a false negative result. This type of analytical microarray is used for screening applications by obtaining semi-quantitative results. If quantitative results are required, each slide is analysed for one multi-analyte concentration. Passive incubation steps dramatically increase the assay time. These platforms are very helpful for protein screening applications in proteome analysis. However, they will not gain acceptance in the field of on-site analysis of food, water, or diagnostics. Some examples of passively incubated microarrays are given as some of these applications could be adapted to flow-through microarrays.
Gehring et al. have designed an antibody-based microarray for detection of E. coli O157:H7 [147, 148] . A sandwich immunoassay format is chosen by immobilization of biotinylated capture antibodies on streptavidin-coated glass slides and by using fluorescein-labelled detection antibodies. The assay time (140 min) on this passive incubation platform is extremely long and the reported LOD of 3×10 6 cells mL −1 for E. coli O157:H7 was rather high.
Rubina et al. demonstrate a F-MIA on protein-gel-based microchips for the toxins ricin, viscumin, SEB, tetanus toxin, diphtheria toxin, and lethal factor of anthrax toxin [149] . The LODs are comparable to those of an ELISA and were in the range of 0.1 and 20 μg L −1 depending on the toxin. The differences between chemiluminescence and fluorescence were compared using direct, indirect, and sandwich assay formats. The LODs of the CL microarray were in the same range as those of the fluorescence microarray. For in-field use the sandwich format was the most practicable and provided the highest sensitivity.
The need for automation became evident when fluorescence microarrays were used as an instrument for biomarker detection on Mars missions [150] . The so-called signs of life detector (SOLID) was built for processing samples and detecting specific biomarkers, for example L. ferrooxidans, A. ferrooxidans, Acidithiobacillus sp., Acidiphilium sp., aspartate, glutathione-S-transferase, thioredoxin, or cortisol via specific antibodies.
A similar concept as the F-MIA platforms is the CL-MIAbased array tube system (ATS) from Clondiag Chip Technologies (Jena, Germany) [151] . A single reagent tube is used for incubation of sample and reagents. The microarray is located on a glass chip forming the bottom of a 1.5 mL plastic tube. Antibodies are deposited on the glass surface. A sandwich format is used to simultaneously detect bacteria, viruses, and toxins. The chemiluminescence signal is generated after an incubation step with streptavidin-poly-HRP. Washing steps and pipetting steps are manually operated. The incubation steps are carried out with a horizontal tube shaker. The detection limit for viruses (TCID 50 =50% tissue culture infection dose) was 6×10 2 to 5×10 6 TCID 50 mL −1 , for toxins between 0.1 and 0.2 μg L −1 , and for bacteria between 5×10 3 and 2×10 6 cfu mL −1 . The analytes were detected in 1 h 23 min.
The CombiMatrix oligonucleotide microarray platform has an electrochemical readout system that contains 12,544 individually addressable microelectrodes on a CMOS image sensor [129] . Each working electrode is 44 μm in diameter. Detection is based on the close-to-the-surface reaction of redox-active chemistries such as HRP and the associated reagent tetramethylbenzidine (TMB). CombiMatrix (Mukilteo, USA) has launched the ElectroSense Reader and the ElectroSens 12 K microarray as a platform for genotyping and gene expression analysis. The microarray consist of individual ODN probes synthesized at each microelectrode. Hybridization with biotin-labelled ODN targets is performed in a specially designed chamber called the ElectraSense Hybridization Cap sealed with an O-ring. The captured ODN targets are detected by incubation (45 min) with HRP-avidin conjugate. The LOD of cRNA was 0.75 pmol L −1 .
Segmented microarrays
Segmented microarrays are flat slides with a hydrophobic barrier around a subarray. Additionally, a microwell plate with a spotted subarray on the bottom of each well is a segmented microarray. Each subarray contains the same quantity of spotted molecules. A segmented microarray allows for simultaneous calibration and sample measurement in a similar way to an ELISA. Samples and reagents are placed on each segment and are passively incubated. After incubation the slides are cleaned and dried. The readout system for such microarrays is based on fluorescence or chemiluminescence microarray detection. As most systems are not automated, many manually performed assay steps are needed, e.g. drying the microarray surface after washing and incubation, transfer of the microarray to the microarray readout system. These microarrays are difficult to automate and/or need a large amount of additional equipment. Another disadvantage is the long assay time of such a static assay format, because of the increasing diffusion layer of static incubation processes. These facts make segmented microarrays expensive. Some segmented microarray platforms have been commercialized however.
Segmented fluorescence microarrays
A segmented F-MIA with an indirect competitive immunoassay format for pesticide detection was presented by Belleville et al. [152] . Each segment contains spotted hapten derivatives in a submicroarray arrangement. The immunoreaction is performed in each segment by parallel incubation with calibration standards or samples. Hapten derivatives are immobilized via a photolinker on silanized glass substrates. Atrazine and 2,6-dichlorobenzamide (BAM) are simultaneously detected with an assay time of 75 min. The LOD for BAM is 4 ng L −1 and for atrazine 9 ng L −1 [153] .
A segmented antibody microarray has been developed for multiplexed toxin detection by using a direct competitive immunoassay format [154] . A 16-chamber polymer tray was fixed to the slide surface. The following six toxins were quantified: cholera toxin β-subunit, diphtheria toxin, anthrax lethal factor, protective antigen, SEB, tetanus C fragment. The LODs were quite high (between 23 and 5,000 μg L −1 ) even though the toxins are not simultaneously analysed. For toxin analysis a direct assay format is too complicated and expensive, because a multiplexed competitive immunoassay requires each toxin to be labelled and added in relative high concentrations to the sample.
The ZeptoReader is a commercially available platform consisting of a fluorescence segmented microarray. Detection is based on an evanescent field fluorescence microarray readout system. The surface-confined excitation is associated with light guiding in a planar optical waveguide. The excitation light of a laser beam (λ=635, 532, and 492 nm optional) is coupled to a wave-guiding Ta 2 O 5 film using a diffractive relief grating [155] . To perform an assay a ZeptoPlate with 96 wells was designed. Each well contains a 5×5 subarray and has a volume of 15 μL. With this platform a multiplexed antibody microarray was used for detection of three different human cytokines in parallel [156] . The test format was a sandwich immunoassay by immobilization of three different capture antibodies. The fluorescence image was taken after an incubation time of 2 h. The assay was performed without washing steps. The microarray was imaged after a single addition of the preincubated interleukin/secondary antibody/Cy5-streptavidin cocktail. IL-2, IL-4, and IL-6 were quantified with a LOD of 15 ng L −1 , 10 ng L −1 , and 5 ng L −1 , respectively.
Segmented chemiluminescence microarrays
Magliulo et al. [157] have presented a rapid multiplexed chemiluminescence immunoassay for detection of E. coli O157:H7, Yersinia enterocolitica, Salmonella typhimurium, and Listeria monocytogenes, four pathogenic bacterial strains that are relevant in food hygiene control. The microarray platform consists of a 96×4 multiwell plate with four subwells in each well (Fig. 8) .
A sandwich CL-EIA was used as test format. Four different bacteria strains could be detected in parallel in each well. The standards for the calibration curve and the samples are simultaneously measured on the same platform, which is an advantage over fluidic microarrays. The multiwell plate platform requires much manual handling in the laboratory. A skilled person has to handle washing and pipetting steps, even though these steps can be automated with pipetting robots and automated plate washers. This CL segmented microarray platform is limited to four analytes. Analytical microarrays with multiplexed approaches are of interest for analysis of up to 10 analytes in parallel.
The first commercially available automated CL microarray platform is the Evidence biochip array analyser from Randox Laboratories (Crumlin, UK). It was developed for the clinical diagnostic market. The platform consists of an automated dispensing station for reagent supply, incubation and washing steps, and sample introduction [158] . The biochip is secured in the base of a plastic well, which is then placed in a carrier holding nine biochips in a 3×3 format. Each biochip contains a 5×5 array. The capture antibodies are immobilized on an aluminium oxide substrate activated with silanes. Light emission from the CL reactions on the surface of the biochip using HRP-labelled detection antibodies is imaged by a CCD camera. With this platform an antibody microarray has been designed for detection of ten cytokines in parallel in the working range between 1.1 and 2,000 ng L −1 . The Evidence analyser enables complete automation of assays at a test frequency of up to 2000 results per hour. This platform is the first fully automated CL microarray based on segmented microarrays. The assay process is automated with a spacious robotic station for dispensing, washing, incubation, and readout. This system is well designed for multi-analyte applications in the field of clinical diagnostics in the laboratory.
Flow-through microarrays
Fluorescence flow-through microarrays
The River Analyser (RIANA) is a multianalyte immunosensor based on total internal reflection fluorescence (TIRF) [159] . A laser beam (λ=633 nm) is coupled directly to a glass slide via a bevelled end-face and guided through the length of the transducer. A strong evanescent field is produced at each reflection point. Cy5.5-labelled antibodies are used for simultaneous detection of estrone, isoproturon, and atrazine at the surface by means of a multiplexed binding inhibition assay. The analyte derivative was covalently immobilized on aminodextran surfaces. The fluorescence signal is collected with optic fibres and photodiodes for each evanescent spot. An autosampler is used to automatically deliver the samples to the FIA system. The transducer is mounted on the flow cell and sealed with an O-ring. Estrone, isoproturon, and atrazine are detected with LOD of 0.08, 0.05, and 0.16 μg L −1 . Total analysis time for a single run is 15 min. In a further development of the fully automated assay procedure four different analytes (atrazine, bisphenol A, estrone, and isoproturone) are detected simultaneously in 12 min with an LOD below 0.020 μg L −1 [160] . The same immunosensor is also used for detection of progesterone in milk [161] , and propanil [162] . Additionally, an optimized single-analyte assay procedure has achieved a LOD for estrone of 0.2 ng L −1 [163] .
The AWACCS (automated water analyser computersupported system) immunosensor consists of a fibre pigtailed chip with 32 evanescent field-sensing regions [164] . A semiconductor laser is coupled into an integrated optical (IO)-transducer chip containing a Y-junction splitter structure that generates four parallel waveguides. The fluorescence is picked up with 32 optical fibres transferring the light to 32 photodiodes ( Fig. 9 ).
Six different analytes (atrazine, isoproturon, bisphenol A, estrone, propanil, and sulfamethizole) were calibrated simultaneously with a detection limit for each of them below 0.02 μg L −1 using a multiplexed binding inhibition assay [20] . All important components of the immunoanalytical platform are combined for fully automated immune analysis: immunosensor, the fluidic system, and a software module enable fully automated calibration and determination of analyte concentrations [165] .
The NRL array biosensor is a portable flow-through microarray system (Fig. 10) . The system consists of a 50-W power supply, a cooled CCD camera, peristaltic pumps, valves, and a multi-channel flow cell. It also contains a 635-nm diode laser equipped with a line generator to spread the laser beam into a fan pattern. The expanded laser beam is launched into the edge of a waveguide (microscope slide) resulting in an evanescent field. A bandpass filter eliminates excitation and scattered light prior to imaging. Some array-based biosensors have the feature of special imaging optics consisting of a two-dimensional array of graded index (GRIN) lenses to provide uniform excitation in the sensing area of the waveguide on to a CCD camera.
The multi-channel microarray immunosensor can be calibrated concurrently to the measurement [166] and enables simultaneous detection and quantification of up to nine target analytes [167] . It has been demonstrated that the NRL Array Biosensor can detect small molecular toxins [24, 168, 169] , protein toxin targets [170, 171] , bacterial and viral targets [172] [173] [174] [175] in food and environmental samples. The standard assay time is 15 min. Whole cells have a smaller diffusion coefficient than small organic molecules. As a result, the incubation time needed for the heterogeneous immunoreaction is greater. A 1-h assay time with an increased incubation time by recirculation of sample and tracer solution leads to a tenfold improvement of the detection limit for bacteria [176] .
Chemiluminescence flow-through microarrays
A microfluidic CL immunosensor with a direct immunoassay format has been developed for detection of atrazine [177] . The immune reaction between immobilized antibodies and analyte or HRP-tracer was reversible using a mild regeneration buffer containing 0.4 mol L −1 glycine and HCl, pH 2.2. The developed microfluidic CL immunosensor had a total assay time of~10 min for atrazine, including incubation detection, and regeneration. The IC 50 values were in the range of the official European Union requirements for drinking water (0.1 μg L −1 ). The LOD was 0.8 ng L −1 which is lower than determined with the same antibody on an ELISA microtitre plate. This result indicates that low diffusion times within flat flow cells reduce the IC 50 and the LOD values.
The parallel affinity sensor array (PASA) is a CL flowthrough microarray platform with an integrated fluidic system [178] . The platform consists of a CCD camera for readout, a fluidic system with pumps for automated reagent supply, and a microarray with spotted analyte derivatives. The first application was a microarray chip for environmental contaminants in water. Triazines, 2,4-D, and TNT could be detected in parallel. The authors also showed that both an indirect and a direct test format is possible for detection of small analyte molecules like pesticides or TNT. The PASA system is also convenient for automatically performed allergy diagnosis. Allergens and recombinant/ purified allergens (24 preparations) have been used on the same epoxylated glass surface for screening of allergenspecific IgE. A direct immunoassay format was applied by detecting 24 allergenic proteins in parallel [42] .
The same platform is under further development for detection of multiple antibiotics in milk. The antibiotics chip includes ten substances relevant in veterinary medicine. An indirect competitive test format is used. At first, the milk is incubated with a mixture of ten different antibodies. After a short incubation time the immune reactants are passed through the microarray. Free antibodies can bind to the distinct hapten spots [179] .
Antibiotics in milk should be detected on-site, so that the driver of a diary van may decide whether the milk is contaminated or not. A new and fully automated detection system (MCR 3) has been constructed for such in-field measurements (Fig. 11) .
The platform consists of a more sophisticated fluidic system with rotary valves and pumps. Larger pumps with solutions of primary and secondary antibodies for 50 runs of the regenerated chip are included. All important components of the CL microarray platform are combined for a fully automated multiplexed immune analysis in the field: the microarray, the fluidics, and a software module enable automated calibration and determination of analyte concentrations during a whole working day. The microarray and the reagents are temperature-controlled. The regenerable microarray chip is required to avoid changing the chip during the milk acquisition at the farmer's house. PEG-ylated chip surfaces are used because of their known durability against chemical treatment. Microspotted antibiotic derivatives are easily coupled to activated PEG surfaces. With the hapten microarray it is possible to determine the five antibiotics sulfamethazine, sulfadiazine, streptomycin, ampicillin, and cloxacillin without any sample-preparation steps; the detection limits are 2.9, 3.3, 2.4, 2,7, and 1.1 μg L −1 [180] . The microarray is designed for parallel analysis of thirteen different antibiotics in fresh milk. Immobilization of the other antibiotics is currently under investigation. Antibiotics are currently detected in 6 min. The whole assay with a regeneration step takes 9.5 min. 
Electrochemical flow-through microarrays
The electroanalytical Array Analyser "eMicroLISA" is a fully automated platform with fluidics, rotary valve, reagent reservoirs, and one hand plug and play microarray called ChipStick (Fig. 12) .
The electrochemical microarray is positioned in a polycarbonate cartridge consisting of a flow cell with an external volume of approximately 7 μL. The flow of assay reagents is driven by a peristaltic pump. A six-way rotary valve and two magnetic valves are used to control the different reagents and perform a fully automated assay [127] . The platform is in use for the analysis of viruses or bacteria, either with antibodies or nucleic acids as capture and detection molecules. An rRNA-based assay was established for detecting total rRNA by immobilized capture ODNs and the specific hybridization of supporting ODN, and biotinylated detection ODNs. The detection ODNs bind adjacent to the capture ODNs being in close proximity to the electrode surface. The supporting ODNs enhance the accessibility of the capture and detection ODNs. The automated assay takes 30 min starting with prepared total rRNA. The detection limit of Escherichia coli total rRNA content was 0.5 mg L −1 .
Suspension arrays
Suspension arrays analyse the affinity reaction on individual microspheres. With microsphere arrays each array element is prepared in bulk by coupling the appropriate recognition element at the surface of an optically defined microsphere. By optical encoding, micron-sized particles (e.g. polymer particles) can be created to enable highly multiplexed analysis of complex samples [181] . A microsphere array is encoded by one or more intrinsic optical properties or different sizes. The readout of suspension arrays can be performed with a flow cytometer or a fibre-optic readout system.
Suspension microarrays on flow cytometer
The current generation of commercially available microsphere arrays (LabMap System, Luminex Corp, USA) offers a 10×10 element array (ten different intensities for each of two fluorescent dyes contained within microspheres) to give a 100-element array. The LabMAP system uses a flow cytometer for analysis of suspension arrays. The flow cytometer provides an encoding method to simultaneously detect analytes by antibody or DNA-based binding assays on microspheres. Two spectrally distinct fluorophores are incorporated in polystyrene microspheres (FlowMetrix Beads). Using defined ratios of these fluorophores, a suspension microarray is created consisting of up to 100 different microsphere sets. The flow cytometer provides two lasers for simultaneous excitation of both fluorophores. A third fluorophore coupled to the reporter molecule quantifies the biomolecular interaction that has occurred at the surface of each microsphere, as depicted in Fig. 13 .
A suspension of microspheres is individualized by the hydrodynamic focussing effect of a flow cell. High-speed digital signal processing classifies the microspheres according to their spectral properties and quantifies the reaction on the surface. Currently, the assay steps are manually operated. Automated platforms consisting of shakers, autosampler, and dispensing devices are partially applied [183] . For each analyte a defined quantity of microspheres is added to the sample. After mixing and incubating of analytes and microspheres, the detector molecules (e.g. labelled with streptavidin-R-phycoerythrin or streptavidin-Alexa 488) are added. A centrifugation or filtration step is needed after incubation to separate the unbound components. The washed bead suspension is directly read with the flow cytometer. The Luminex platform is used to quantify 15 human cytokines in a single sample with similar LODs and lower incubation times compared with the ELISA technique [184] . This technology is applied in food analysis to simultaneously detect three different non-milk proteins in milk powders [185] . Moreover bacteria are detected on the Luminex platform with a DNA hybridization assay, and with a sandwich immunoassay format. Amplified target DNA sequences could be detected in 30-40 min with an LOD of 10 6 -10 7 genome equivalents provided that at least 10 3 (for E. coli, C. jejuni, and L. monocytogenes) or 10 5 (S. typhimurium) gene copies were present in a PCR amplification reaction. The sandwich immunoassay was more sensitive (2.5-500 cells mL −1 ) and the whole assay lasts 3 h [186] .
Optical fibre arrays
Optical fibre arrays consist of thousands of individual glass or plastic fibres that are manufactured using an iterative process in which individual fibres are bundled, melted, and pulled through a fibre drawing tower to create arrays of fibres in which all the individual fibres have fused into a single substrate [187] .
With this principle a fibre-optic DNA microarray is produced by random distribution of DNA probe-functionalized microspheres (3.1 μm) to microwells of an optical fibre bundle as depicted in Fig. 14. The microwells are created by chemical etching after polishing the fibre. The optical fibre bundles (500 μm diameter) contain approximately 6000 individual microwells [189] . The position of a microsphere is encoded by internal trapping of europium dye in the microsphere's polymer matrix. The microspheres were functionalized with DNA probes. For detection of target DNA from Salmonella the DNA probes of the microspheres are hybridized and visualized with a Cy-3-labelled secondary probe in a sandwich DNA hybridization assay format. The assay was performed by exposing the microarray to target samples (200 μL) composed of chromosomal DNA from bacterial cell cultures. The chromosomal DNA was released after heat treatment at 90°C for 5 min. After 1 h one could detect 10 3 -10 4 cfu mL −1 without any additional amplification.
Multiplexed arrays were achieved with an optical bar code of each position-registered microphere. The microspheres contain an internal encoding (Eu 3+ dye) and two external fluorescence dyes (Cy5 and TAMRA) at different concentrations. A library of 100 spectroscopically distinguishable microsphere types were prepared using various combinations of the three fluorescence dyes [190] . The fibre-optic microsphere-based array could detect 10 fmol L −1 fluorescein-labelled target DNA of seven different bacteria in a 50-μL sample volume within 30 min of hybridization [191] .
Illumina (San Diego, USA) has commercialized a fibreoptic DNA microarray platform by using the intrinsic sequence information of ODN for optical decoding. The fibre optical bundles of the Sentrix Array Matrix can access the wells of a 96-well microtitre plate. In the other format, the Sentrix BioChip, one to several microarrays are arranged on silicon slides. They have created suspension arrays containing 1536 bead types, or more, per bundle that can be assembled into an Array of Arrays capable of performing high-density DNA microarrays for gene expression analysis or pharmacogenomics [192] [193] [194] . 
Conclusions and outlook
An overview of analytical microarray platforms is given in Table 3 . Fluorescence, chemiluminescence, and electrochemistry currently dominate as 2D readout systems for analytical platforms. Fluorescence and chemiluminescence microarray platforms, especially, are used for detection of pesticides and pharmaceuticals in an indirect competitive immunoassay format. Protein target toxins, clinical biomarkers, or microorganisms are analysed with a sandwich immunoassay format. The detection methods are optimized for selectivity, sensitivity, and low limits of detection. The assay performance depends now more on the availability of antibodies with high affinity constants and low crossreactivity. Total assay times are in the range of minutes, which is only possible in fully automated systems under non-equilibrium conditions. Only a few flow-through microarray platforms exist at the moment, consisting of an automated fluidic system for rapid and reproducible multiplexed applications. Automated analytical microarray platforms will compete with applications that completely solve a relevant multi-analyte problem, e.g. the quantification of [127] possible contaminants such as antibiotics in milk, toxins in food, or microorganisms in drinking water. Further example include detection of doping drugs during a sport event, prevention of a bioterrorist attack, or the accurate and early diagnosis of a tumour marker. Automated flow-through microarrays as monitoring systems will become more and more relevant in the future. Regulations for monitoring drinking water and food are enforced in many places. Surface and ground water has to be protected from chemicals in order to guarantee a good water quality [195] . Safe drinking water does not contain contaminants that are harmful to health. The US EPA published a list of regulated contaminants including 53 organic compounds and seven microorganisms, and a list of potential contaminants including bacteria, viruses, pesticides, and toxins [196] . Food safety regulation is important for the consumer who ingests all kinds of foods and is exposed to chemical and microbial contaminants.
Responsibility for ensuring that food remains in prime condition is shared by everyone involved in food production and handling, including primary producers, food manufacturers, establishments which serve food, and consumers [197] . Strict legal examinations are enforced across Europe to ensure high levels of safety, hygiene, and quality in commercial processing and food handling, as described in EU directive 93/43/EEC [198] .
The advantage of microarray platforms as a rapid and costeffective system has been addressed. In a central laboratory, chromatography techniques and/or mass spectrometry are established. They will persist in the future, as long as further confirmation in food and water analysis or clinical diagnostics, with independent techniques, is needed to exclude falsepositive results. Nevertheless, immunochemical methods are seen as one type of screening technique for water and food monitoring [199] . In clinical diagnostics immunoassays are accepted. The automated systems analyse single analyte in blood samples. Multi-analyte detection would reduce the costs of analysis. However, the different antigen/antibody complexes have to be compatible with a single microarray platform. Nowadays, antibodies are available for many analytes, although most of them are not applied to analytical microarrays. A reliable microarray platform needs validated reagents including DNA or antibodies and standard analytes. Furthermore, the characterization and validation of the immobilized capture molecules and the coating have to be improved.
The combination and integration of sample enrichment techniques with an analytical microarray platform is needed as zero-tolerance is adopted for hygienically safe food and drinking water. The combination of immunomagnetic separation and electrochemiluminescence detection for Cryptosporidia in water is one example [200] . Enrichment steps prior to identification of microorganisms on an immunoanalytical platform are still faster than PCR methods or culture techniques.
Additional demands for microarray platforms are addressed in this review. Some of the discussed instruments have passed first field tests. The next step for fully automated microarray platforms is implementation of an intelligent software controlling the fluidics automatically during the analysis and the data processing afterwards. Consequently, little training will be required for a walkaway system. The software should recognize analytical problems or errors of the fluidics automatically and should generate a warning note therefore. These tools would improve the reliability of data generated from automated analytical microarrays.
The claim to have a portable system for monitoring units is not fulfilled at the moment. As they also need pumps and valves, they are transportable but not really hand-held. Handheld analytical microarray platforms for rapid food and water control are a task for future research and development. Integrated systems consisting of microfluidics and microoptical components will reduce volume and weight. The reagents will be stored on the platform in lyophilized form and are activated before the measurement starts. Currently, the fluidics of miniaturized platforms lack robustness and reproducibility. Intensive interdisciplinary research is essential for success in the future. The development of automated analytical microarray platforms should focus even more on engineering aspects, e.g. optimization of user interfaces and sample handling.
